genes, which then control cell movement.
behavior. These cells initially moved out laterally, away are attracted by the head process and factors produced from the streak, and, once the node had regressed past in the border between the area opaca and the area these cells, they moved back in again toward the midline pellucida. We also show that streak cells are attracted of the embryo ( Figures 1E, 1F , and 1G), effectively reto FGF4 and repelled by FGF8b and propose that these sulting in a movement "around" the node. Serial sections factors control the movement of the cells in the embryo.
of these embryos showed that most of the cells formed medial somites ( Figure 1H 2D ). Quantitative analysis of the cell movement speed beled host embryo as described in Experimental Procedures. Grafts were either placed in the same position with a specialized optical flow detection algorithm (Siegert et al., 1994) showed that the cells moved at 2-3 (homotypic) or in a different position (heterotypic), and the movement of the cells was analyzed by taking imm/min during the outward movement from the streak, then slowed down to Ͻ1 m/min until the node had ages every 3 min during the next 12-15 hr of development. The resulting images were processed as deregressed past them, and then speeded up again to 2-3 m/min during the inward movement. 2E and 2F). These cells move very directionally and at com/cgi/content/full/3/3/425/DC1 for examples of the relatively high speed and give rise mainly to extraembrymovies obtained for every experiment described in this onic structures ( Figure 2G ). These experiments demonpaper). Using this technique we have examined the bestrated that cells in the anterior streak move along very havior of cells in the node, the streak just posterior directed trajectories with very little random movement. to the node, the middle primitive streak, and the most Furthermore, cells in anterior regions of the streak made posterior part of the primitive streak.
two distinctly different types of movement: first, cells moved outward, away from the streak, and this was followed by a phase of movement directed inward, back Movement of Cells in the Node When we grafted GFP-labeled node tissue into the toward the central midline of the embryo. When we labeled cells on only one side of the streak, we found equivalent position of an unlabeled host, we found that, during the very last phase of streak extension, a few that, in addition to the movement patterns described above, a proportion of cells crossed the midline and cells moved out from the node and forward, where they form part of the head process. During node regression emerged on the other side of the embryo ( Figure 2H ). In general these cells displayed similar movement befluorescent cells were left behind in a narrow continuous line in the midline of the embryos ( Figures 1A, 1B, and havior to the cells that had not crossed over, and they moved outward, away from the streak. 1C). Sections of several of these embryos showed that back in toward the midline and forward after the node has regressed passed them. This is even more apparent in the video images, which can be viewed in To investigate the effect of expression of dnFGFR1c embryo, the bead is moved around, as is evident from on FGF4 chemotaxis, we repeated the experiment in the track of the bead over time ( Figure 5D ). which we transplanted dnFGFR1c-expressing middle We observed that, after anterior and middle streak streak cells to the area opaca and challenged them cells moved out, they moved back in toward the midline with an FGF4 signal supplied by a heparin-coated FGF4 as soon as the node started to regress and the notobead. The results invariably showed only a few cells chord started to form, suggesting that the notochord expressing dnFGFR1c receptor moving away from the may be the source of a chemoattractant guiding the graft; however, the cells that did move showed no atcells back in toward the midline. To test this directly we traction by the FGF4 bead ( Figure 6C ). Further experigrafted middle streak cells in the area opaca next to a ments showed that expression of the dominant-negative piece of newly formed notochord from an HH stage 5 receptor could also block the movement of dnFGFR1-embryo. These experiments (22/32) showed that notoexpressing cells toward the FGF4 bead in vivo (data not chord attracts middle streak cells in this situation ( Figure  shown) . Also, here, only very few dnFGFR1-positive cells 5E), just as would FGF4 beads ( Figure 4A) . Furthermore, when we placed a piece of notochord lateral to the were able to move out of the streak. The cells that moved ., 2001a) . On the basis of the expression movement of the middle primitive streak cells, the cells patterns of FGF4 and FGF8 and our demonstration of moved out laterally to the periphery of the embryo, cell movement trajectories in real time, we propose the where they seemed to pause for a while, and then started to move toward the midline again, once the node had following model for the control of the observed cell regressed past them. This strongly suggested that the movement patterns (Figure 7 ). In the region where the outward and inward movements are regulated by differcells move out from the streak, the cells are exposed ent signals. We have shown that the border between to high levels of FGF8, and we suggest that FGF8 acts the area pellucida and the area opaca and the notochord as a chemorepellent and sends the cells away from the can both attract middle streak cells (Figures 4D, 5E , and streak. This suggestion is consistent with data obtained 5F). Therefore, it seems most likely that the signal that in homozygous FGF8 knockout mice, which show an attracts the anterior streak cells back in toward the midaccumulation of mesoderm cells in the streak of the line originates from the forming notochord, in agreement embryo (Sun et al., 1999) . The behavior of the cells after with data that show that the notochord can influence they have moved out depends on their position. The the formation of somites (Nicolet, 1971a (Nicolet, , 1971b 
Interference with FGF Signaling Severely Affects both mesoderm induction and gastrulation movements. Cell Movement Behavior
The striking phenotype is that the embryos expressing We performed two types of experiments designed to a dominant-negative FGFR1 receptor show defects in interfere with FGF signaling. We locally applied the FGF the formation of the somites and notochord and have receptor inhibitor SU5402 and investigated the effects a severely shortened back (Amaya et al., 1991; Kroll and on movement. Furthermore, we expressed a dominant- Amaya, 1996) . This phenotype has been attributed to a negative form of the FGFR1c receptor in various pieces failure of convergent extension, resulting in defects of of streak and investigated the effect on cell movement. the formation of notochord, somites, and neural plate. The most prominent effect of both the inhibitor and the We observed that expression of dnFGFR1c in chick reexpression of dnFGFR1c was that the ability of the afsulted in the formation of embryos with disproportional fected cells to move out from the streak was severely big heads ( Figures 6A and 6D 
